Tungsten carbide (WC) is an important material mostly used for cutting-tool applications. The reduction of WO 3 to WC is realized by using several techniques. The existing chemical processes involved in its reduction are long and energy consuming. In our work, we make efforts to reduce WO 3 to WC by the reflux reaction technique. The composite obtained after the reflux reaction is analyzed to check the feasibility of conversion of WO 3 to WC. The preliminary study demonstrates the feasibility of this conversion. The proposed technique seems to be promising and cost-effective for the low-temperature synthesis of ultrafine WC particles. The synthesized powders are studied with the help of X-ray diffraction, scanning electron microscope, energy dispersive X-rays, and transmission electron microscopy for the phase identification and microstructural analyses.
The magnesium powder was selected as a reducing agent. Apart from this, glycerol (99.9%) was used in the present study as a source of carbon. All chemicals were used in the as-received condition without additional purification.
Methodology. Experiments were performed in a round bottom flask (1000 ml) fitted with a chilled-water cooled condenser allowing the liquid to condense during the experiment. Tungsten oxide ( WO 3 , 3 g), magnesium turnings (3 g), and glycerol (100 mliter) were used as initial ingredients in all reactions. A flask containing these ingredients was heated to 300°C for 96 h (S 1 ) . Cold water circulated through the condenser with the help of a small submersible pump to extract heat from the condenser which allowed the liquid to condense back in the round bottom flask. A guard tube was also applied at the top of the condenser with fused calcium chloride flakes covered with cotton on both sides to absorb moisture and also to facilitate plugging of the loss of volatile materials (if any) through the condenser. Slow heating was done to start the reaction. As the reaction proceeded, the color of the liquid started changing and finally converted to dark brown. In this stage, the reaction was stopped. The thick liquid was then filtered. In another set of experiments, the reaction time was increased to 168 h (S 2 ) to see the possibility of any changes in the reaction product. The powder was then additionally treated with HCl (1:3) to remove unreacted Mg and other soluble phases from the product. The acid-treated samples were first washed with distilled water followed by ethanol in order to remove water absorbed in the powders. The dried powders were tested to detect the formation of the WC phase in the synthesized mass.
Characterization
Both samples were studied by the X-ray diffraction (XRD) method with the help of a Rigaku (Geiger flex model) X-ray diffractometer in the CuK α radiation ( λ = 1.54Å). During the experiments, the scanning speed and diffraction angle were 5°/min and 20-80°, respectively. The microstructural examinations of the samples were performed under a transmission electron microscope (TEM) (Hitachi H-7500 model) and a scanning electron microscope (SEM) [Quanta-200 FEG model, FEI (the Netherlands)]. For the TEM study, the synthesized powders were suspended in alcohol. One drop of suspension was dropped on the copper grid coated with SiO 2 and alcohol was allowed to evaporate.
Results and Discussion
The possible reactions (which may run in this case) can be written as follows:
The XRD pattern of the as-synthesized sample (S 1 ) reveals the presence of the MgWO 4 and MgO phases parallel with the WC and WO 3 phases (Fig. 1a) . After acid treatment, the sample (S 1 ) exhibited the presence WC and unreacted WO 3 phases. However, the XRD peaks of WC became broader after acid treatment (Fig. 1b) and, particularly, the WO 3 phase. This might be attributed to the fact that the WO 3 powder also becomes broken to fine sizes during the reflux reaction. In addition, the peaks of WC and WO 3 are shifted to lower angles as compared with the standard WC (ICDD card No. 25-1047), MgWO 4 (ICDD card No. 27-0789), and WO 3 (ICDD card No. 83-0949) peaks, which clearly indicates that disordering increases in this sample. The indicated disordering might be due to the high aspect ratio of WC nanoparticles as compared with the crystalline counterparts of WC [33] . The Xray diffractograms of the sample (S 2 ) in which the reaction time is longer than for (S 1 ) are given in Figs. 1c, d .
The detailed XRD analysis shows that, as the reaction time increases from 96 to 168 h, the peak intensities of WC also increase which shows that the volume fraction of the WC phase becomes larger. The particle sizes calculated from the peak broadening also show that the size of particles becomes lower. In both cases, the lattice parameter was calculated by using Bragg's law. The computed lattice constants for the WC phase in the sample S 1 , i.e., a = 2.910 Å and c = 2.834 Å are very close to the reported values for the hexagonal WC [ a = 2.906 Å and c = 2.837 Å, (ICDD card No. 25-1047)]. Similarly, in the sample S 2 , the lattice parameters for the WC phase ( a = 2.986 Å and c = 2.839 Å) are also quite close to the standard values reported for these parameters. In order to investigate the possibility of the preferred orientation, a comparison of the peak intensity with the standard specimen was performed by using the Harris analysis [34] in order to obtain the texture coefficient given by the following relationship:
where P(hkl) is the texture coefficient of the plane specified by the Miller indices (hkl) , I (hkl) and I 0 (hkl) are the specimen and standard intensities, respectively, for a given peak, and n is the number of diffraction peaks. As the reaction time increases, the texture coefficient of plane (100) increases from 1.03 to 1.43 (Table 1 ). This shows that the microstructure is strongly textured in plane (100). The increase in the reaction time hinders the growth of planes (001) The structural features reveal the presence of agglomerated nanoparticles. The presented powders exhibit mixed morphological features. At some places, we can see powders with faceted morphology. These powders belong to the WC phase in the system. In Figs. 2e-h, we show the SEM micrographs of sample S 2 synthesized during the reflux reaction for 168 h.
Here, we can also see fine-size powders. Their structural features are similar but we detect variations of the shapes of synthesized powders.
EDAX Results.
The results of the EDAX analyses of samples S 1 and S 2 are shown in Figs. 3a and 3b , respectively. They reveal the presence of carbon, oxygen, and tungsten as major constituents, which additionally confirmed the formation of the carbide phase.
Results of Transmission Electron Microscopy.
The TEM of the synthesized particles was done to know the particle sizes of the synthesized powders. The lattice constants of different phases can be determined from the selected-area diffraction patterns. In Figs. 4a, b , we show the TEM micrographs of the synthesized powders taken from different areas. Looking at the specific features of the micrographs, we can say that there are different types of phases varying from spherical to elliptic and from cylindrical to rectangular. In these micrographs, a particle with faceted feature is from the WC powder.
The overall structure gives a complex type of phenomena from which it is possible to conclude that the reduction of WO 3 with glycerol is feasible but its conditions should be optimized. It is essential to optimize the role of magnesium as the reducing element and also the conditions required for the reduction by using different reducing agents.
The results of selected-area electron diffraction (SAED) obtained for faceted powders are also shown in Fig. 4c 
CONCLUSIONS
It is possible to convert WO 3 into WC nanoparticles by using the reflux action technique. The reaction time plays a vital role in the synthesis of nanosized WC particles. If the reaction time is increased, the size of particles decreases. A detailed study is required to optimize the reaction parameters with an aim to get the maximum yield.
